The reaction of luciferase-bound FMNH Z is known to result in the formation of a long-lived intermedlate in the bioluminescent reaction (1).
of absorption in the 570-610 rum region. Although the spectrum appeared similar to that of the neutral semiquinone (6) , no ESR signal was detected in preliminary experiments. Kinetic data suggested that this red absorbing species was related to, possibly in rapid equilibrium with, luciferase intermediates (such as the peroxyflavin) in the pathway leading to light emission.
The present work was undertaken in order to study the formation, properties and possible role in bioluminescence of the material absorbing in the 600 rum region, and to resolve some of the questions raised by the observations described above.
Since no absorbance in the red was noted in the preparations of peroxyflavin earlier isolated and characterized (2, 7, 8) following the gel filtration procedure of Hastings and Beevar (9) . The result was clear ( Figure 1 , Curve A); peroxyflavin with no red absorbance was formed.
The essential step of the procedure required to obtain a preparation lacking the blue species seemed to be the reduction of the luciferase-flavin complex with excess dithionite and its application to the Sephadex column without prior reoxidation.
In this way the luciferase-bound flavin presumably encountered molecular oxygen on the column only after, or in the course of, its separation from small molecules: flavins, dithionite, HZO Z ' and other products. As a test of this idea, we made a slmllar~reparation but reoxidized with he air in the test tube at 0 e three minutes prior to subjecting the material to Sephadex chromatography. Again, the result was clear ( Figure 1 , Curve B); a similar amount of peroxyflavin was formed but there was, in addition, significant absorption in the 570-610 nm region. The difference spectrum between traces A and B resembles the spectrum for the purified luciferase-neutral semiquinone (see Figure 2) ; the absence of a trough in trace B at 330 nm is attributed to the significant contribution that the absorption of the semiquinone makes in this region.
The spontaneous decay of the purified luciferase peroxyflavin was followed, as before (8), by the increase in absorption at 440 nm. The half-life at 2°was about 55 minutes similar to previously reported values under similar conditions. A most significant feature of this experiment was the fact that during the decay there was no development of absorbance in the 570-610 nm region. Thus, under these conditions, no appreciable conversion of the peroxyflavin to the blue species occurred.
As was illustrated in Figure 1 , trace B, the oxidation of the reduced flavin-luciferase complex by oxygen resulted iñ e simultaneous formation of both the peroxy and semiquinone luciferase intermediates.
In aerated buffer at oOe the subsequent decay of the peroxy compound is more rapid (half-life, 50 min) than that of the semiquinone (half-life, 20 hr; Figure  3 inset ). This means that the aged preparations should have only the latter species, which has been found to be so • Such an aged preparation was subjected to chromatography on a Sephadex G-25 at 2°e. Since the affinity of oxidized FMN for luciferase is low (8, 10) , the majority of the proteinbound flavin species eluted is the luciferase semiquinone. The spectrum of this Sephadex purified material (Figure 2 ) is fully characteristic of the neutral flavin semiquinone (6) . In the same (aerobic) buffer it decayed isosbestically to FMN, the resulting redox equivalents presumably being taken up by oxygen. Based on the amount of FMN finally formed, and 
FIGURE 2. Absorption spectra of the luciferase neutral flavin semiquinone (a) a few minutes after elution from G-25 Sephadex and at two later times (b,c) in the course of its decay to FMN and luciferase. The kinetics of the decay are shown in the inset.
To 0.5 mg of luciferase in 0.5 ml was added 0. 5 assuming that all of the Sephadex purified material was originally in the neutral semiquinone form, the millimolar extinction coefficient for the latter at 610 nm was calculated to be about 4.8.
As shown in the inset of Figure 2 , the luciferase semiquinone decayed slowly at 2°C, with a half-lifetime of about 20 hours. Moreover, the decay under these conditions exhibited a high temperature coefficient with an activation energy of about 46 kilocalories. This suggests that the protein may have to change conformation in order to allow either dissociation of the semiquinone or its accessibility to an oxidizing species.
A sample of such a preparation of the blue species was frozen in liquid nitrogen; its ESR signal was measured and found to be characteristic of the neutral flavin radical. A millimolar extinction coefficient of about 4.5 was estimated by reference to a 5-ethyl-riboflavin radical standard.
The luciferase neutral semiquinone radical was also formed by titration with dithionite. Dithionite was added step-wise to a mixture of luciferase (0.65 mM) and FMN (0.15 mM). One equivalent of dithionite was required for the full reduction of the flavin; at half reduction the maximum amount of the blue flavin semiquinone was formed. A millimolar extinction coefficient of 4.2 was estimated.
Based on these results it appeared that the flavin semiquinone would be formed directly by reaction of the reduced and oxidized species. This model was verified by mixing quimolar amounts of FMN and FMNH 2 with luciferase at 11°iñ the absence of oxygen. An appreciable amount of the semiquinone was formed within the first minute; this was followed by a slower increase to an equilibrium value. Under these conditions (absence of oxygen) the semiquinone was stable over a period of 36 hours at temperatures between 0°and 26°, the equilibrium between the semiquinone and the other forms being highly temperature dependent. More than twice as much semiquinone (absorption at 610 nrn) was present at 0°as at 26°.
The mechanism of the oxidation of aldehyde by the luciferase peroxyflavin intermediate to produce an excited state is a main question to be addressed; the possible involvement of a blue intermediate had prompted interest, proposals, and speculation (11, 12, 13) . The fact that one can obtain preparations of the peroxyflavin lacking appreciable quantities of the radical blue species suggests that the latter is not in fact involved, at least directly, in the bioluminescent reaction.
The luciferase peroxyflavin reacts with long chain aldehydes, such as decanal and dodecanal (14) , to give light with . half decay time of only a few minutes at 0° (1, 5) . Thus thẽ lue species should decay more rapidly in the presence of aldehyde if it is capable of forming the luciferaseperoxyflavin. In fact, in the presence of aldehyde, the blue species was formed equally well at 0°and decayed even more slowly than in the absence of aldehyde. Thus there is no indication to support the suggestion that the neutral flavin semiquinone radical is formed by or is in equilibrium with the luciferase peroxyflavin species as such.
As would be expected, luciferase complexed with the flavin radical is not active for light emission. It is also not capable of reacting with reduced flavin to give light emission. But its decay (Figure 2, inset) is mirrored by an increase in luciferase activity, as assayed by its reaction with FMNH2 and decanal.
